The purpose of this study was to investigate the effects of different cross-sectional shapes and presence of taper on stress distribution in clasp arms made of glass fiber-reinforced composite (FRC) material. Stress analysis of clasps was performed under a constant load (5 N) using a three-dimensional finite element method with due consideration to the anisotropy of unidirectional FRC material. Results were then compared with clasp arms made of metal -an isotropic material. It was found that both FRC clasps and metal clasps yielded similar results. As for the displacement of clasp arms with a basic cross-sectional shape under a load of 5 N, the amount of displacement showed that FRC clasps provided sufficient retentive force required for clinical application.
INTRODUCTION
Metals are widely used as clasp materials for removable partial dentures. However, they present esthetic problems for anterior abutment teeth and can cause metal allergy.
In direct contrast, ceramics are excellent in esthetics and do not cause metal allergy. By virtue of these beneficial characteristics, ceramic crowns and bridges have been fabricated. However, ceramics are apt to fracture and cause abrasion of the opposite tooth. To solve these problems, glass fiber-reinforced composite (FRC) materials -which have high quality in mechanical and physical properties -have been used recently to fabricate crowns and bridges without metal frames.
To investigate the suitability of FRC materials for clasps, we have conducted a few studies to examine their mechanical properties (flexural strength, retentive force, permanent deformation) after fabrication into clasps [1] [2] [3] . Results suggested that FRC materials could be used for clasps. Based on these results, we further performed clinical trials 4) . In clinical practice, FRC clasps are required to be coated by composite resin to prevent exposure of fibers which could hurt the oral mucosa. In follow-up examinations, it was shown that cracks in the coating layer often occurred at the shoulder of circumferential clasps. Against this background, we aimed to investigate structures of FRC clasp arms with a coating layer using the finite element method (FEM) -which has been used for stress analysis of metal clasps.
FRC is an anisotropic material, thereby differing from metal which is an isotropic material. Since structural analysis of anisotropic composite materials is very complicated, structural analytical methods such as FEM are an optimal means 5) . So far, studies of anisotropic materials using FEM have been limited to crowns, bridges, and endodontic posts. An anisotropic analysis which assumes that clasp shape is geometrical has not been previously reported. Therefore, it is useful to establish an analytical procedure that considers the anisotropy of materials when efficiently investigating an optimum clasp shape that would render the desired physical properties of FRC clasps.
This study aimed to investigate the effects of different cross-sectional shapes, as well as presence of taper, on stress distribution in circumferential clasp arms made of FRC material. In view of these objectives, a three-dimensional finite element analysis procedure was established, which took into account the anisotropy of FRC material.
MATERIALS AND METHODS

Geometries of abutment tooth and clasp arm
Geometry of an abutment tooth, which was supposed to be a lower second premolar surrounded by a circumferential clasp arm, was set as a cylinder according to the report of Sato et al. 6) ( Fig. 1 ). Radius of curvature was set at 4 mm, and angle subtended by the clasp arm was 120 . The clasp arm was approximated by a curved cantilever beam with a half-oval cross-section. Midpoint between the upper and lower edges of the clasp tip was set at a point 3 mm below the base. Cross-sectional shapes of clasp arms were designed according to shapes adapted from a previous study by Kishita et al.
3) . Basic shape was 2.60 mm wide and 1.30 mm thick (Bb), reflecting the dimensions of the test specimen generated from the prepreg of Vectris Pontic (Ivoclar, Schaan, Liechtenstein). Other shapes were modified versions by changing the width or thickness of the basic shape, and were as follows: 2.60 mm and 0.65 mm (a), 2.60 mm and 1.95 mm (c), 1.30 mm and 1.30 mm (A), and 3.90 mm and 1.30 mm (C ) (Fig. 2) . Therefore, cross-sectional areas calculated using these dimensions were as follows: Table 1 shows the numbers of elements and nodes for each model without taper, and these conditions were also applied to those with a taper of 0.8. Figure 3 shows mesh generation and boundary conditions for clasp arm without taper and with cross-sectional shape Bb. All nodes at the base of the clasps were restrained in all directions, and a concentrated load of 5 N was applied to the inner tip of the clasp in a radial direction.
Coordinate system and elastic constants for analysis of the orthotropic material Although FRC is a strictly anisotropic material, it was treated as an orthotropic material whereby a cylindrical coordinate system for analysis was used (Fig. 4) . In this system, three significant directions were defined to input elastic constants of the orthotropic material. The R-axis (axis 1), T-axis (axis 2), and Z-axis (axis 3) represented the radial, peripheral, and depth directions of a cylinder, respectively. The Z-axis (axis 3) coincided with the running direction of the clasp arm (Fig. 5) . The material's principal axis was defined by inputting the modulus of elasticity of the longitudinal direction of fibers as the elastic constant in the direction of Z-axis (axis 3). Table 2 shows the orthotropic material's properties used in this study. These elastic constants were set by assuming the use of Vectris Pontic, which we had used for material testing and clinical trials [1] [2] [3] [4] . Elastic modulus 33 (E33), which represented longitudinal elastic modulus, was obtained from our material testing measurements 3) . The remaining constants were either taken from published literature 7) or estimated from relevant and appropriate theoretical formulas 8) .
Output of analytical results
To compare the stress distributions of different shapes of clasp arms, the Von Mises equivalent stresses were calculated. Subsequently, displacement of the tip of clasp arm was calculated under a load of 5 N because it was useful to examine the amount of undercut needed to obtain a retentive force of 5 N. Furthermore, to examine whether stress distribution of the orthotropic material differed from that of the isotropic material, the Von Mises equivalent stress considering the elastic constants of Co-Cr alloy as an isotropic material, was calculated. A Young's modulus of 218 GPa and a Poisson's ratio of 0.33 were set as isotropic material properties of Co-Cr alloy 6) . A pre-postprocessor, Patran (version 2005, MSC Software Corp., USA), was used to construct an analytical model and to visualize the analytical results.
A structural analytical program, Marc (version 2003 r2, MSC Software Corp., USA), was used for analysis.
RESULTS
Figures 6 and 7 show the contour maps of the Von Mises equivalent stresses for outer and inner surfaces of each clasp arm without taper, respectively. For the outer surface of clasp arm, maximum stress occurred around one-quarter from the base of the clasp arm in all models, and that of shape c (width: 2.60 mm; thickness: 1.95 mm) was less than those of other cross-sectional shapes. For the inner surface of clasp arm, apart from the tip which was applied a concentrated point load and the base restrained, maximum stress occurred at the lower half of the region near the base in all models. These stress values decreased with increase in cross-sectional area. Moreover, change in stress value with change in thickness was larger than that with change in width. Figures 8 and 9 show the contour maps of the Von Mises equivalent stresses for outer and inner surfaces of each clasp arm with a taper of 0.8, respectively. Regions of maximum stress in Figs. 8 and 9 extended toward the tip compared to those in Figs. 6 and 7. Stress observed in Figs. 8 and 9 was distributed more uniformly compared to that in Figs. 6 and 7. Table 3 shows displacements of the midpoint of the tip of each clasp arm. Displacements in clasps with taper were a bit larger than those without taper. In both clasp arms with and without taper, displacements of shape a (0.90 mm, 0.71 mm) were the largest, and those of shape c (0.07 mm, 0.06 mm) were the smallest. Those of shape Bb (0.16 mm, 0.13 mm) were twice larger than those of shape c (0.07 mm, 0.06 mm). Those of shape C (0.10 mm, 0.08 mm) were almost similar to those of shape c. Those of shape a (0.90 mm, 0.71 mm) were twice larger than those of shape A (0.46 mm, 0.38 mm). Displacement of the superior margin of the clasp arm differed from that of the inferior margin. This difference was due to torsion of the clasp arm and confirmed by the occurrence of maximum stress observed at the lower half of region near the base. Furthermore, magnitude of this difference which indicated the extent of torsion of the clasp arm became larger as the cross-sectional area became smaller. The difference became smaller as the thickness increased under a constant cross-sectional area. 9, 10) . Furthermore, FEM has been employed to investigate if FRC materials could be applied clinically for crowns, bridges, or endodontic posts 7, 8, [11] [12] [13] [14] [15] [16] . This is chiefly because FEM is an optimal means to analyze the structures of anisotropic composites like FRC 5) . However, for stress analysis using FEM, two-dimensional analyses are more frequently used 7, [11] [12] [13] 15, 16) than three-dimensional analyses 8, 14) . Moreover, metal has been generally used as an isotropic material for clasps 6, [17] [18] [19] . Against this backdrop, anisotropic analysis that assumes clasp shape as geometrical has not been used.
Elastic constants required to conduct structural analysis of FRC within the limits of an elastic region using FEM can be obtained from several material tests using unidirectional continuous FRC materials. However, it is not efficient to measure these elastic constants whenever fabrication requirements such as fiber content differ 5) . Therefore, it is useful to establish an analytical procedure that considers anisotropy of materials when efficiently investigating an optimum clasp shape that best renders the desired physical properties of FRC clasps.
FEM analysis 1. Geometries of abutment tooth and clasp arm
In the present study, geometry of the abutment tooth was simplified to a cylinder because of the difficulty of reproducing natural tooth contours. With regard to the geometry of clasp arms, crosssectional and longitudinal shapes were changed, while length and curvature were not changed. According to Sato et al. 17) , shape of cast clasps depends on length, curvature, cross-sectional dimensions, and taper. Among these factors, the first two factors are determined by the abutment tooth contour, and the latter two factors by the dentist or dental technician. It was also taken into account that the shape of FRC clasps could be adjusted in the cross-sectional and longitudinal directions. However, fiber volume content of the clasp arm could be changed by modifying the shape in the longitudinal direction. This is because fiber volume content represents the volume content of fiber present in the composite material composed of fiber and matrix. To simplify analysis in this study, same material properties were applied to the elements from the base to the tip, and it was assumed that the fiber volume contents of the clasp arm with and without taper were constant from the base to the tip. However, it must be mentioned that in actual clasp fabrication as well as experimental conditions, it is difficult to ensure constant fiber volume content from the base to the tip. 2. Coordinate system for analysis of orthotropic material Anisotropic materials exhibit different elastic properties in different directions. It is common to choose appropriate directions to analyze such materials, and to define elastic properties with respect to these directions. In this study, an orthotropic analysis in which directions of the three axes were intersecting perpendicularly was conducted.
In cases where the running direction of fibers does not fit the global coordinate system, local coordinate systems are necessary for defining element properties. In this study, since it was assumed that fibers ran along the running direction of the clasp arm with a half-oval cross-sectional shape, a cylindrical coordinate system was used. 3. Orthotropic material properties A unidirectional continuous fiber composite like Vectris Pontic is considered as a type of orthotropic material, which is called transversely isotropic material. In general, to describe the elastic behavior of transversely isotropic materials, five independent elastic constants are required 7, 8) .
In this study, tensile longitudinal modulus, E33 , was substituted with elastic modulus obtained in a three-point flexural test in our previous study 3) . Values for transverse modulus E11 ( E22), shear modulus G31 ( G23), Poisson's ratios 31 ( 32) and 12 (where '3' stands for longitudinal direction (parallel to fiber direction), and '1' and '2' refer to two mutually perpendicular directions in the transverse plane) were taken from published literature 7) . Minor Poisson's ratio 23 ( 13) and shear modulus G12 were calculated as follows 8) : 23 31 E11/E33 G12 E11/2(1+ 12) While the use of reliable experimental values may be ideal, as in the case of all orthotropic elastic constants, it is difficult to measure each elastic constant of an orthotropic material experimentally. On the other hand, it is also highly advocated to use theoretical formulas to predict these constants 5, [20] [21] [22] [23] . Therefore, in this study, theoretical values were partially used. 4. Loading condition Loading direction in this study was set as the radial direction of the cylinder, and supposing the second premolar as the abutment tooth. As Morris et al. pointed out in their report 19) , this loading condition seemed to be more representative of actual clasps with regard to function than experimental loading conditions 3) . This is because the tip of the clasp arm is typically subjected to deflection in the radial direction during insertion and removal. 5. Assessment by Von Mises criteria Von Mises equivalent stress, VM, which is one of the parameters used when evaluating results obtained with FEM, is given by the following relationship:
where , , and are the principal stress components. Von Mises stress, which is always positive, is a widely used parameter in mechanical design especially for assessment of yield criteria. As per the report of Pegoretti et al. 8) , we also considered Von Mises stress as an indicator of the average stress level, where a higher value would mean a higher possibility of damage occurrence.
Analytical results
Region of occurrence of maximum stress
In the present study, maximum stress occurred around one-quarter from the base a result in agreement with that of a study on cast clasps by Sato et al. 6) . These results indicated that stress concentrated on the shoulder of circumferential clasps fabricated with FRC and metals. Such stress concentration could cause breakage of the clasp arm. In this analysis, differences in contiguity factor 21, 22) among the cross-sectional shapes were not taken into consideration. As such, quantity of fiber was assumed to be proportional to the cross-sectional area. In other words, increase in the cross-sectional area would mean an increase in the quantity of fiber, and hence a decrease in maximum stress on the clasp arm.
Amount of change in stress value by modifying thickness was larger than when width was modified. It was found that changing the cross-sectional shape not only served to attain the desired retentive force, but also served to reduce stress. On this score, it seemed to be more effective to increase thickness rather than width in order to reduce stress.
Dimensions of cross-sectional shape Bb were derived from the dimensions of a previous flexural test specimen 3) , which were obtained after polymerizing the prepreg of Vectris Pontic. Therefore, to fabricate clasp arms which were either thinner or narrower than shape Bb (i.e., shape a or A), this prepreg had to be cut to size. This could mean an inadvertent decrease in the physical properties of clasp arms with shape a or A when compared to shape Bb, whereby this decrease stemmed from the difficulty of controlling the fiber volume content when the prepreg was cut to size.
In actual fabrication of FRC clasps, it is important that the fibers are packed tightly together. Presently in clinical practice, we create a counter die of the clasp arm, insert the prepreg of Vectris Pontic into the counter die, and press it on an abutment tooth. Indeed, this method is useful in obtaining the intended clasp arm thickness, since thickness is important for stress reduction. 2. Effect of taper on stress distribution Differences in stress distribution between clasp arms with and without taper were in agreement with the results obtained by Morris et al. 19) for metal clasps. With regard to stress concentration that might cause clasp failure, Morris et al. 19) suggested that stress distribution in a clasp without taper was better than that with taper. However, several studies [24] [25] [26] [27] on clasp design recommended half-oval and tapered clasp arms. This contradiction and conflict chiefly arose from the lack of adequate information concerning constant flexibility being proportional to retentive force 17, 28) . On this issue, Sato et al. 17) conducted a twodimensional finite element analysis with constant flexibility to avoid confusion, and suggested that the use of a preformed clasp pattern with a taper of 0.8 was a preferred choice for reducing fatigue and/or permanent deformation of cast clasp arms.
In this study, the clasp arm with taper had the same cross-sectional dimensions at the base as those without taper. Moreover, in the model of Morris et al. 19) , flexibility of the clasp arm with taper differed from that without taper. On these grounds, we could not indiscriminately conclude that clasp arms with taper were more desirable. Although stress observed in the clasp arm with taper was uniformly distributed, this result per se could not adequately explain why a clasp arm with taper was better than that without taper. It should also be noted that since the cross-sectional dimensions at the base of clasp arm with taper were the same as that without taper, it could mean that the magnitude of maximum stress was heightened in the clasp arm with taper, thereby heightening the risk of plastic deformation. 3. Displacements of the tip of clasp arms Displacements of the tip of clasp arms caused by the undercut of an abutment tooth produce retentive force. Therefore, a double load (10 N) in this simulation was regarded as the retentive force of circumferential clasps with buccal and lingual arms. Displacement of the tip of clasp arm without taper of cross-sectional shape Bb was 0.13 mm. When this clasp arm was applied to the circumferential clasp with buccal and lingual retentive arms, a retentive force of 10 N was obtained by utilizing the undercut of 0.13 mm at the buccal and lingual sides of an abutment tooth. This value (10 N) was larger than that reported as the retentive force required per abutment tooth [29] [30] [31] . This indicated that an undercut amount smaller than 0.13 mm could be used. At this juncture, it must be highlighted that in this study, the shape of abutment tooth was simplified to a cylinder. Furthermore, the simulation in this study would differ from actual clinical conditions because friction 18) between abutment tooth and clasp arm was not considered.
Difference in displacements of the superior and inferior margins of the clasp arm, which indicates the extent of torsion of the clasp arm, became smaller as the thickness rather than width increased under a constant cross-sectional area limiting the quantity of fiber. Based on this finding, it was thus more advantageous to employ the thickness of clasp arms to enhance resistance to a behavior like torsion. 4 . Comparison between patterns of stress distribution of orthotropic material and those of isotropic material With both orthotropic material (FRC) and isotropic material (Co-Cr) of the same geometry, their stress distribution patterns were similar to each other (Figs. 6 and 10 or Figs. 7 and 11 ). This meant that stress distribution was mainly dominated by geometry 7) .
Moreover, under the condition that bending predominated in the present simulation, it seemed that orthotropy of materials did not significantly influence stress distribution.
Further studies needed
Presently in clinical practice, most FRC clasps in use are labial or buccal retentive arms for the purpose of esthetics improvement.
Therefore, in this study, geometry of the clasp arm was assumed to be a single retentive arm. However, for applicability in metal-allergy patients, it is necessary to examine other components with a more complicated shape.
In this study, an analytical procedure which considered the properties of FRC as an orthotropic material has been established. Nonetheless, further studies are required to characterize this type of material.
In consideration of partial fiber-fiber contact in the actual unidirectional FRC, Tsai conducted an analysis that considered the contiguity factor 21) . In the same vein, Uemura et al. reported an empirical formula that allowed calculation of the contiguity factor as a function of fiber volume content 22) . Indeed, for an analysis that considers the taper of clasp arms, it is mandatory that the concepts of both contiguity factor and fiber volume content should be introduced into the analytical approach in the future.
With due consideration to the natural environment in the oral cavity, Kishita et al. carried out three-point flexural tests under water immersion with Vectris Pontic as the unidirectional FRC material 3) . They reported that the elastic moduli of immersed specimens were lower than those of dry specimens. In the present study, the priority for a simplified analysis omitted the consideration of the water immersion condition; in other words, the natural environment of the oral cavity was not considered. On this note, it will be necessary to perform future analyses that would take into account the conditions of the oral cavity.
Furthermore, there is an urgent need to be able to generate abutment tooth shapes so as to overcome the difficulty of reproducing natural tooth contours. There is also a need to establish an analytical method which can quantitatively evaluate relationships between retentive force and amount of undercut. Indeed, if a more quantitative analytical method were established, then dimensions of clasp arm and amount of undercut corresponding to a suitable retentive force could be clarified as concrete values.
CONCLUSIONS
Stress analysis of clasp arms made of unidirectional FRC was performed under a constant load (5 N) using three-dimensional FEM. Unidirectional FRC was regarded as an orthotropic material, and analysis results were compared against an isotropic material. To facilitate evaluation of stress distributions in clasp arms and displacements of the tip of clasp arms, geometry of the abutment tooth was simplified to a cylinder, whereas clasp arms with and without taper with different half-oval forms were obtained by changing the cross-sectional width and thickness.
It was found that both FRC clasps and metal clasps yielded similar results.
Maximum stress occurred on the shoulder of every clasp arm. Besides, change in stress value was larger with change in thickness than with change in width. Region of maximum stress accentuated toward the tip for clasp arm with taper as compared to that without taper. Displacements of the tip of clasp arms with taper were slightly larger than those without taper.
Pertaining to the displacements (0.16 mm, 0.13 mm) exhibited by clasp arms with a basic crosssectional shape under a load of 5 N, they showed that FRC clasps provided sufficient retentive force required for clinical application.
